Regional changes in the amount of free fatty acids, polyphosphoinositides, and water content in the cerebral cortex were examined using a middle cerebral artery occlusion model of rats. The amount of various free fatty acids increased as polyphosphoinositides decreased during 3 and 6 hours of ischemia in the occluded middle cerebral artery territory. After 3 hours of reperfusion following 3 hours of ischemia, free fatty acids partially recovered while polyphosphoinositides did not. Water content increased significantly after 3 and 6 hours of ischemia, and a further increase was found after 3 hours of reperfusion following 3 hours of ischemia. The change of polyenoic fatty acids in this occluded middle cerebral artery territory was much smaller than that in the case of decapitation ischemia, although the amounts of polyphosphoinositides and monoenoic and saturated fatty acids showed almost identical changes in both cases, probably because polyenoic fatty acids may be washed out and/or peroxidatively consumed in the middle cerebral artery occlusion model due to its residual blood flow. Changes in the area surrounding the occluded middle cerebral artery territory were similar to the above results, although less dramatic However, there was no change in free fatty acids, polyphosphoinositides, and water content in the contralateral cortex. A novel free radical scavenger (MCI-186), which prevents both nonenzymatic peroxidation and lipoxygenase activity in vitro, markedly attenuated the ischemic and postischemk brain swelling. These results suggest that free radical mechanisms may be involved in ischemk and postischemic brain edema. (Stroke 1988; 19:480-485)
A peroxidative mechanism has been implicated as one of the detrimental factors in ischemic and postischemic brain cell damage.
1 "4 Since Demopoulos 5 indicated the possibility of free radical damage in ischemic brain, various approaches have been tried in an effort to detect some species of oxygen radicals in the ischemic or postischemic brain. However, all attempts have failed to detect oxygen radicals in vivo and in situ because of their short half-lives and/or because of methodologic difficulties involved in trapping and extracting such radicals.*"" Due to the above reasons, only indirect evidence has been obtained indicating the generation of free radicals during and after ischemia. Such evidence includes decreases in ascorbate (reduced form) and ot-tocopherol and an increase in conjugated dienes.
112 - 13 Thus, although no radical species have yet been directly detected, it seems to be widely accepted that a certain species of free radicals may exist and may play a role in ischemic and/or postischemic brain damage.
1 ' 5 There are two pathways generating peroxidative reactions in damaged brain as well as in any tissue. One is an auto-oxidation (nonenzymatic peroxidation) and the other is enzyme-processing peroxidation. Nonenzymatic peroxidations have been artificially generated in vitro using brain slices, and they were shown to induce brain swelling.
utable to iron (Fe 2+ ), superoxide anion, and hydrogen peroxide, and prevention of the formation of lipid peroxide and brain swelling has been accomplished using iron chelators, superoxide dismutase, and catalase.
414 " 18 However, there have been few reports of success in attenuating brain edema in vivo using such substances. On the other hand, lipoxygenase products from arachidonic acid (enzyme-processing peroxidation) have also been indicated as being involved in the genesis of brain edema in vivo."" 22 Inhibition of the formation of leukotrienes and hydroxyeicosatetraenoic acids (HETEs) has been indicated as having potential to attenuate ischemic and postischemic brain edema.
1 '-2022 However, only a few lipoxygenase-inhibiting drugs have been shown to be effective in preventing brain edema.
21
- 22 We examined a novel free radical scavenger that inhibits both nonenzymatic peroxidation and lipoxygenase activity in vitro for the treatment of brain edema using a rat focal ischemia model and found it to be markedly effective in preventing ischemic and postischemic brain edema in vivo.
Materials and Methods
The model we used for this study was middle cerebral artery (MCA) occlusion using a microembolus of nylon thread. 23 MCA occlusion and reperfusion are easily produced by the insertion or removal, respectively, of the silicone-coated thread. The reliability of producing successful strokes is almost complete in this model, and the variability in the extent of damage seems to be very little, without any seizures. 23 Male Wistar rats weighing 250-280 g were anesthetized with 70 mg/kg i.m. ketamine, and the origin of the right MCA was occluded by inserting a nylon thread via the common carotid artery. The rat was then allowed free movement for 3 or 6 hours before sampling. In the case of 3 hours of reperfusion following 3 hours of ischemia, the nylon thread was removed from the origin of the MCA after 3 hours of ischemia, and the rat was again allowed to move freely for 3 hours before sampling. Sham-occluded rats served as controls.
Drugs used in this study were physiological saline (vehicle, 1 ml/kg rat body wt), gh/cerol (0.4 ml/kg/min for 20 minutes), and MCI-186 (3 mg/ml saline/kg rat body wt, bolus injection). MCI-186 was kindly donated by Mitsubishi Chemical Industries Ltd., Tsukuba, Japan, and is a newly-synthesized free radical scavenger that inhibits both nonenzymatic lipid peroxidation and lipoxygenase activity but has few specific effects on cyclooxygenase activity in vitro and no side effects at this dose. 24 - 25 The drugs were administered intravenously when the MCA was occluded in the case of continuous occlusion (3 and 6 hours of ischemia) or when the MCA was reperfused in the case of 3 hours of reperfusion following 3 hours of ischemia.
At the end of the experiment, the rat was decapitated. For the measurement of edema, the cortexes of the center of the occluded MCA territory, the surrounding area (territory of the ipsilateral anterior cerebral artery), and the contralateral MCA territory were dissected. Their water contents were measured using the dry weight method.
For the measurement of poryphosphoinositides (PPIs) and free fatty acids (FFAs), the rat brain was frozen in situ 26 and the cortexes were dissected at -20°C . PPIs and FFAs were measured according to the method of Abe et al. 27 To ensure complete ischemia, rats lightly anesthetized with ether were decapitated; the brain was immersed in liquid nitrogen immediately (control) or 3 or 6 hours after decapitation. PPIs and FFAs of the cortex of the MCA territory were measured.
There were five rats in each experimental group, and Student's / test was used for statistical analyses.
Results
During 3 and 6 hours of ischemia, water content in the core of the occluded MCA territory in vehicletreated rats increased from 79.8% to 81.6% or 83.9%, respectively ( Figure 1A ). Three hours of reperfusion following 3 hours of ischemia resulted in remarkable swelling in the same region (86.4%). In the area surrounding the occluded MCA territory, the degree of swelling was milder than that in the core of the occluded MCA territory but was still significant ( Figure IB) . The occlusion ( Figure 1A and IB). Treatment with MCI-186 was always more effective than treatment with glycerol and was significantly more effective than treatment with glycerol in the sunounding area after 6 hours of ischemia ( Figure IB, 1-6 , M). Changes in PPIs are shown in Figure 2 . The amounts of triphosphoinositide (TPI) and diphosphoinositide (DPI) did not recover during 3 hours of reperfusion in the occluded MCA territory (Figure 2A) . Although the amount of DPI continued to decrease during 3 hours of reperfusion following 3 hours of ischemia in the surrounding area, the amount of TPI did not decrease further during the same period ( Figure  2B ). Amounts of both TPI and DPI did not change during and after ischemia in the contralateral cortex ( Figure 2C) .
Amounts of the five or six FFAs measured changed during and after ischemia in the occluded MCA territory and the surrounding area (Table 1, Figure 3) ; those in the contralateral cortex did not change (data not shown). PPIs and saturated and monoenoic fatty acids showed similar changes in both occlusion and decapitation ischemia (Table 1) . However, changes in the amounts of poryenoic fatty acids (PEFAs) were much smaller in occlusion (incomplete) ischemia than in decapitation (complete) ischemia (Table 1) . Discussion This is the first report on regional changes in water content, FFAs, and PPIs in a rat MCA occlusion model. It has recently been indicated that FFAs are mainly derived from PPIs (TPI and DPI) during ischemia as well as, of course, partly from phosphatidylcholine or phosphatidylethanolamine.
27 " 29 It is well known that PPIs are rich in arachidonate and stearate. 27 " 29 Therefore, the concomitant increase in the amount of arachidonate and stearate during ischemia has been understood to reflect mainly the breakdown of PPIs during complete or almostcomplete ischemia: Figures 2 and 3) . Our results suggest that certain reactions that result in the selective reduction of PEFAs in the MCA occlusion model may exist. Although the rate of acylation of FFAs is much greater for PEFAs than for saturated or monoenoic fatty acids, 30 -31 a marked reduction of ATP in the occluded MCA territory (data not shown) may no longer have the potential to acylate fatty acids to phospholipids. It is well known that PEFAs are more hydrophilic than saturated or monoenoic fatty acids. Therefore, the former may be more easily washed out by residual blood flow than the latter. Furthermore, PEFAs may also be peroxidativery consumed by oxygen derived from residual blood flow in this MCA occlusion model.
In the case of 3 hours of reperfusion following 3 hours of ischemia, most FFAs recovered partially (Table 1) despite continuous liporysis (Figure 2A ) during reperfusion. Because ATP did not recover (data not shown) and PEFAs recovered concomitant with monoenoic and saturated fatty acids in the occluded MCA territory during reperfusion (Table 1) , the recovery of FFAs during reperfusion may be predominantly due to washing out into the reperfusing blood rather than to reacylation or peroxidation. On the other hand, in the surrounding area, TPI did not continuously decrease in contrast to the case with 6 hours of ischemia ( Figure 2B ), probably because ATP recovered partially (data not shown). Thus, the difference in the recovery of TPI versus DPI during reperfusion ( Figure 2B , open circles) may be due to synthesis of TPI from DPI based on the partial recovery of ATP. A better recovery of FFAs in the surrounding area ( Figure 3 ) than in the occluded MCA territory (Table 1) may be partly attributable to reacylation based on the recovery of ATP in addition to the washing out.
It is well accepted that both water supply and brain cell damage (such as energy failure, lactic acidosis, or lipid peroxidation) are prerequisites in the formation of brain edema and that the blockade of such brain cell damage or water supply may prevent brain edema. 
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by guest on April 14, 2017 http://stroke.ahajournals.org/ Downloaded from ischemia ( Figure 1A , I3-R3, S) may be attributable to a sufficient water supply resulting from reperfusion corresponding to the potential of tissue swelling. Furthermore, marked generation of superoxide derived from arachidonate metabolism may also cause a deterioration of cell damage and may result in the aggravation of brain edema during reperfusion. 35 Introduction of arachidonate or a potent initiator of free radical reactions, such as FeCl 2 , into the brain can induce brain edema in vivo,"-36 "
38 and the capacity of eicosanoid synthesis in brain microvessels is enhanced in combination with the formation of brain edema."- 20 Therefore, both nonenzymatic peroxidation and enzyme-processing peroxidation seem to be involved in the induction of brain edema. There have been few reports showing a strong attenuation of brain edema using a single inhibitor of auto-oxidation or enzymeprocessing peroxidation equal to or greater than that seen for grycerol. 21 -223 - 40 MCI-186, a derivative of antipyrin that inhibits both nonenzymatic free radical reactions and lipoxygenase activity in vitro, 24 
-
25 was shown to be as effective as or even more effective than grycerol in attenuating brain edema in vivo (Figure 1 ). The choice of the dose of MCI-186 used is based on a preliminary study of the most effective dose not causing any side effects. MCI-186 also showed a significant but lesser effect on attenuation of brain edema at a lower dose (1 mg/ml saline/kg rat body wt; data not shown).
It has recently been indicated that total fatty acid content is a more credible indicator of peroxidation or free radical reactions in membrane-bound lipids than the changes in FFAs/ 1 However, it is also reliable that an increase in the amount of free PEFAs and their peroxidative reactions could endanger membranebound fatty acids and lead to edema formation. u>15>35 To conclude, it remains to be studied whether MCI-186 can actually attenuate auto-oxidation and/or the production of peroxidative derivatives from arachidonate (lipoxygenase and cyclooxygenase products) in the study of the relation of brain edema to free radical reactions. However, it may be strongly suggested that auto-oxidation and/or an enzyme-processing peroxidation may occur and are involved in the formation of brain edema in this MCA model, judging from the changes in PEFAs (Table 1 ) and the strong effects of MCI-186 (Figure 1) . The inhibitory effect of MCI-186 on brain edema is much greater than that of other free radical scavengers previously reported. 2l -22J9 -* ) Although this drug must still be tested in humans, we would like to emphasize the potential benefits of this type of free radical scavenger in combination with hyperosmotic therapy in the treatment of strokes in humans.
